In cardiac surgery, perioperative haemodynamic management is often guided by cardiac output (CO) measurements. The Vigileo TM monitor offers uncalibrated CO measurement by arterial waveform analysis (CO wave ). This validation study compared CO measurements derived from radial artery waveform analysis with those derived from the ascending aorta. CO measurements from the radial artery versus the ascending aorta showed a significant correlation before and after cardiopulmonary bypass (CPB). However, Bland-Altman analysis showed a mean bias of 0.1 l/min and 0.1 l/min, and limits of agreement (LOA) of +2.2 l/min and -1.9 l/min prior to CPB, and +2.5 l/min and -2.7 l/min after weaning from CPB. A comparison of these CO measurements showed a low mean bias, but wide LOA before and after CPB. Therefore measurements using uncalibrated CO wave have to be interpreted with caution in a clinical situation.
Introduction
In cardiac surgery, perioperative haemodynamic management is often guided by cardiac output (CO) measurements, for which the results obtained by a bolus injection thermodilution pulmonary artery catheter (PAC) have been well validated. 1, 2 In critically ill patients, the use of a PAC to guide haemodynamic therapy has been questioned due to conflicting results with regard to outcome. 3 -5 Nonetheless, cardiac surgical patients may benefit from early recognition of decreased CO resulting in either a better volume loading or inotropic support. 6 A monitor (Vigileo TM , Edwards Lifesciences, Irvine, CA, USA) has been introduced recently that offers uncalibrated CO measurement by arterial waveform analysis (CO wave ). This device uses an indwelling arterial line which is attached to a transducer (FloTrac TM , Edwards Lifesciences) and the Vigileo TM monitor. The M Sander, CD Spies, A Foer et al. Cardiac output by arterial waveform analysis software version of the device used in this study calculates CO every 20 s on the basis of the last 20-s interval of arterial waveform analysis. The calibration coefficient adjusting for individual characteristics of the vascular resistance and the arterial compliance is recalculated every 10 min on the basis of demographic data and CO wave .
The reliability and precision, however, of the CO measurements obtained using this approach is under debate. 7 -9 Since prior work by the authors' group had shown a limited correlation of CO wave with those obtained from a thermodilution PAC or transpulmonary thermodilution (PiCCO, Pulsion, Munich, Germany), the aim of this study was to perform a validation study comparing bias and limits of agreement (LOA) (±2 SD) of CO measurements derived from radial artery waveform analysis and those derived from the ascending aorta.
Patients and methods

PATIENTS
Patients undergoing elective primary coronary artery bypass graft surgery (CABG) and aged over 18 and less than 80 were considered eligible for this clinical trial. Exclusion criteria were withdrawal of consent, aortic insufficiency > I°, atrial fibrillation prior to surgery and left ventricular ejection fraction < 40%. The study was approved by the ethical committee and written informed consent was obtained.
SURGICAL PROCEDURES
In all patients a 20-G radial artery cannula was placed prior to the induction of anaesthesia and attached to the FloTrac TM transducer. The anaesthetic procedure was standardized and used etomidate, fentanyl and pancuronium for induction and fentanyl, isoflurane and midazolam for maintainance. Cardiac output measurements were performed before and after weaning from cardiopulmonary bypass (CPB) under open-chest conditions. Before initiation and after weaning, a 20-G cannula was placed in the ascending aorta and attached to the FloTrac™ using a water-filled line of the same diameter and length as the radial artery line. Prerequisites for all measurements were sinus rhythm, absence of any damping of the arterial waveform signal, and stable haemodynamic condition (i.e. infusion of large volumes of colloids or crystalloids or bolus administration of vasopressors was not permitted during the measurements). Five measurements of at least 30 s, of which the highest and lowest values were discarded, were recorded in an alternating pattern from the radial artery and the ascending aorta. The mean value of the remaining three measurements was used for statistical analysis.
STATISTICAL ANALYSIS
All data are expressed as a mean and SD. Statistical analysis was performed by linear regression analysis. Bias and limits of agreement (LOA) (±2 SD) were assessed according to the method described by Bland and Altman. 10 All statistical calculations were carried out with SPSS ® for Windows, release 11.5.1 (SPSS Inc., Chicago, IL, USA).
Results
During this study, CO was evaluated using two different arterial pressure sampling points: the ascending aorta and the radial artery. In order to do so, 84 measurements of CO were performed in 21 patients at these sampling points, before and after CPB.
Surgery and anaesthesia were uncomplicated in all patients. Basic patients' characteristics, surgery and intensive care unit (ICU)-related data are provided in Table  1 . Cardiac output by arterial waveform analysis
The correlation between the CO derived from the two sampling points pre-and post-CPB were obtained from all patients (n = 84 sets of data). CO measurements derived from the radial artery versus the ascending aorta showed a significant correlation before (r = 0.477, P = 0.02) and after CPB (r = 0.650, P = 0.02). However, Bland-Altman analysis showed a mean bias of 0.1 l/min and 0.1 l/min, and a LOA of +2.2 l/min and -1.9 l/min prior to and +2.5 l/min and -2.7 l/min after weaning from CPB, respectively (Figs 1 and 2 ).
Discussion
These results from CABG patients suggest that CO measurements derived by analysis of radial artery waveforms versus those obtained from the ascending aorta showed a comparable mean bias, but wide LOA before and after CPB.
The validity and reliability of CO wave in cardiac surgical patients has been investigated in different clinical situations. Opdam et al. 9 showed limited correlation between the cardiac index obtained using Vigileo TM and intermittent bolus PAC (r = 0.519, bias = 0.006 l/min and 95% LOA of -1.204 -1.193 l/min) for six cardiac surgical patients after admission to the ICU. Manecke 7 measured a mean bias of 0.55 l/min and 67% (±2 SD) LOA of -1.6 -2.4 l/min for thermodilution PAC measurements and CO wave in 50 cardiac surgical patients after admission to the ICU. Previous data showed a moderate correlation between CO wave and CO obtained by intermittent bolus PAC (r = 0.73, P < 0.01, mean bias: 0.6 l/min) and wide LOA (67% [±2 SD] LOA of -2.2 -3.4 l/min) in 30 patients prior to and after weaning from CPB for CABG surgery. 8 These results led the current study to validate the Vigileo TM device by comparing CO derived from arterial waveform analysis against that from the ascending aorta. A similar approach has been investigated by Manecke 7 , who compared CO wave obtained from the radial and femoral artery and showed a bias of -0.15 l/min and a ±2 SD The moderate correlation and wide LOA of thermodilution PAC-derived CO and CO wave from the study is confirmed by published results which have been obtained in different clinical situations. 8 So far, the reasons for the moderate precision and validity of CO wave are unclear. Assuming that the pulse-wave signal from the ascending aorta represents the true stroke volume, reflection phenomena or certain damping effects may explain the wide LOA. On the other hand the algorithm behind the Vigileo™ monitor 11 may require readjustment for patients with atherosclerosis.
Nonetheless, after weaning from CPB or after ICU admission, imprecise cardiac output measurements may adversely influence physicians' decisions in the treatment of cardiac surgical or critically ill patients. Therefore, the potential benefit of the less-invasive method of radial waveformderived cardiac output measurement requires further assessment of validity and precision before its wider use in clinical In conclusion, the results from our study of CABG surgery patients suggest that CO measurements derived by analysis of radial artery waveforms versus those obtained from the ascending aorta showed a comparable mean bias, but wide LOA before and after CPB. Therefore these measures have to be interpreted with caution in this clinical situation.
